Background/Aims: Age-related macular degeneration (AMD) is the primary cause of senior blindness in developed countries. Mechanisms underlying initiation and development of AMD remained known. Methods: We examined the CD4 + T cell compartments and their functions in AMD patients. Results: AMD patients presented significantly higher frequencies of interferon (IFN)-γ-expressing and interleukin (IL)-17-expressing CD4 + T cells than healthy controls. The levels of IFN-γ and IL-17 expression by CD4 + T cells were significantly higher in AMD patients. These IFN-γ-expressing Th1 cells and IL-17-expressing Th17 cells could be selectively enriched by surface CCR3 + and CCR4 + CCR6 + expression, respectively. Th1 and Th17 cells from AMD patients promoted the differentiation of monocytes toward M1 macrophages, which were previously associated with retinal damage. Th1 and Th17 cells also increased the level of MHC class I expression in human retinal pigment epithelial (RPE)-1 cells, while Th1 cells increased the frequency of MHC class II-expressing RPE-1 cells. These proinflammatory effects were partly, but not entirely, induced by the secretion of IFN-γ and IL-17. Conclusions: This study demonstrated an enrichment of Th1 cells and Th17 cells in AMD patients. These Th1 and Th17 cells possessed proinflammatory roles in an IFN-γ-and IL-17-dependent fashion, and could potentially serve as therapeutic targets.
Introduction
Age-related macular degeneration (AMD) is the progressive damage in the macular region of the retina, most commonly occurring in people older than 60 years of age. This disease accounts for 8.7% of all blindness worldwide [1] . With the rapid increase in senior population globally, the prevalence of AMD is expected to further increase to approximately 196 million by the year 2020 and 288 million by the year 2040 [2] . Although anti-angiogenesis therapies have been effective in managing the wet form of AMD, with possibility to restore vision, these treatments tend to be expensive and are not widely available to most patients [3, 4] . For the development of better treatments, more research on the underlying causes and the progressive mechanism of AMD is urgently needed
The etiology of AMD is unclear. It is currently thought that multiple mechanisms, such as age, environmental risk factors, and genetic predisposition, contribute to AMD pathogenesis, but the exact pathways are poorly understood [5] . Accumulating evidence now supports the idea that inflammatory pathways play a crucial intermediary role in the development and progression of AMD [6] . Many cells of the innate and adaptive immune system, including mast cells, macrophages, and lymphocytes, have been found in macular lesions and the adjacent choroid area [7, 8] . Furthermore, genetic polymorphisms in many immune-related genes have been associated with altered AMD risk [9] . Together, these results suggest that dysregulation in the immune system may contribute to AMD progression, but the mechanistic details remain to be established. Indeed, chronic low-grade inflammation is being discovered in obesity, type 2 diabetes, osteoarthritis, and atherosclerosis and contributes to the initiation and exacerbation of these conditions [10] [11] [12] .
Th1 and Th17 cells are characterized by the expression of signature cytokines interferon (IFN)-γ and interleukin (IL)-17, respectively. Their roles in AMD have not been elucidated. Many autoimmune diseases and chronic low-grade inflammatory conditions present enrichment in Th1 and/or Th17 responses [13] . Th1-mediated IFN-γ and tumor necrosis factor (TNF) production are known to promote M1 macrophage differentiation and increase the expression of MHC molecules [14] , allowing increased antigen-presentation to CD4 + and CD8 + T cells and increased proinflammatory cytokine expression. Th17 cells also secrete TNF in addition to IL-17 and are implicated in multiple inflammatory mechanisms [15] . Interestingly, AMD patients presented increased serum levels of proinflammatory cytokines, including IL-1β, TNF, and IL-17 [16] . Therefore, in this study, we examined the Th1 and Th17 cells in AMD patients.
Materials and Methods

Study participants
The study was performed in the First Affiliated Hospital of Zhengzhou University, with ethical approval from the ethics board of the First Affiliated Hospital of Zhengzhou University, and in accordance with the tenets of the Declaration of Helsinki. One hundred to 300 mL of peripheral blood samples were taken from 12 patients with wet form of AMD (6 males and 6 females) and 10 healthy control individuals (5 males and 5 females). Inclusion criteria included informed consent, age between 60 to 80 years, and complete access to medical records. Exclusion criteria included the presence of other ocular diseases, such as glaucoma, chronic uveitis, and ocular tumors, and the presence of other inflammatory diseases, such as diabetes, obesity, pathogenic infections, neoplastic malignancies, and inflammatory bowel diseases. No surgery or other forms of treatment were performed on the study participants at the time of sample collection.
Sample processing and cell culture
Peripheral blood mononuclear cells (PBMCs) were harvested from blood samples by Ficoll-Hypaque centrifugation method. For T cell stimulation, 3 µg/mL each of anti-human CD3 (OKT3) and anti-human CD28 (CD28.2, both from BioLegend) in PBS were added to a 96-well flat-bottom plate at 100 µL/well overnight. The plate was then washed to remove excess antibodies before use. To detect IFN-γ and IL-17 expression in T cells, PBMCs were added to the anti-CD3/CD28-coated plates at 2 × 10 5 cells/well for 5 h. For T cell coculture with monocytes, the T cells and the monocytes were added to the anti-CD3/CD28-coated plates at 1 × 10 5 cells/well each. For T cell coculture with retinal pigment epithelial (RPE)-1 cell, a 96-well transwell plate (Corning) was used. A total of 4 × 10 4 RPE-1 cells/well were placed at the bottom chamber, and 2 × 10 5 Th1, Th17, or Th1/Th17-depleted CD4 + T cells were added at the top chamber. The two chambers were separated by a porous membrane with 3-µm pores. 2 µg/mL of anti-human CD3 and 2 µg/ mL of CD28 were added to the top chamber. After 72 h, the RPE-1 cells were harvested for flow cytometry analysis. + T cells. For sorting Th17 cells, the staining and sorting process was repeated for PE-anti-human CCR4 (L291H4) and PE-anti-human CCR6 (G034E3) individually. For Th1/Th17 depletion, unconjugated anti-human CCR3, CCR4 and CCR6 antibodies were added to the antibody cocktail in the CD4 + T cell isolation kit. All procedures were carried out according to instructions provided by the manufacturer. For IFN-γ and IL-17 neutralization, the NIB42 and eBio64CAP17 (eBioscience) monoclonal antibodies at 10 µg/mL of each were added, respectively. All other antibodies were used at concentrations recommended by the manufacturer.
Flow cytometry
After incubation and/or sorting, cells were washed and placed in PBS + 2% FBS prior to staining. If intracellular staining was performed, 5µg/mL brefelding A was added for 5 h before harvest. For surface antigens, cells were stained with Live/Dead Violet stain (Invitrogen), anti-human CD3, CD4, HLA-A/B/C, and/or HLA-DP/DR/DQ (BioLegend) for 30 min on ice and washed twice. For intracellular staining, surfacestained cells were treated with Foxp3/Transcription Factor Staining Buffer Set (eBioscience) and were stained with anti-human IFN-γ, IL-17, T-bet and/or RORγt (eBioscience) for 30 min on ice, and washed twice. All antibodies were used at concentrations recommended by the manufacturer. Cells were then fixed in 2% formaldehyde and analyzed in FlowJo software.
Quantitative PCR
Total RNA was collected using the RNeasy Mini kit (Qiagen). cDNA was synthesized using the SuperScript VILO Reverse Transcriptase kit (Thermo Fisher). The cDNA was then pre-amplified using the Taqman PreAmp Master Mix Kit and amplified using the Taqman gene expression assay system (Thermo Fisher), with primers/probes for each gene provided by the manufacturer. Relative mRNA was calculated by the 2 −ΔCt method using GADPH as the calibrator.
Statistical analyses
All statistical analyses were performed using Prism software. Two tailed P < 0.05 was considered as statistically significant. Mann-Whitney test was used for comparisons between healthy individuals and AMD patients. For comparisons of one parameter between multiple groups, Kruskal-Wallis test followed by Dunn's multiple comparisons was used. For comparisons of two parameters of more than one group, twoway ANOVA followed by Tukey's test was used. For experiments performed using the same sample under two conditions, Wilcoxon test was used.
Results
IFN-γ + Th1 cells and IL-17 + Th17 cells were upregulated in AMD patients
To examine the role of Th1 and Th17 inflammation in AMD, we first examined the frequencies of these cells in the circulating blood of healthy controls and AMD patients. Using intracellular staining, we identified Th1 cells as IFN-γ-expressing CD4 + T cells, and Th17 cells as IL-17-expressing CD4 + T cells (Fig. 1A ). Compared to healthy controls, AMD patients demonstrated significantly elevated frequencies of Th1 and Th17 cells ( Fig. 1B and 1C ). We also investigated the levels of IFN-γ and IL-17 by measuring mRNA transcription and protein secretion. The mRNA transcription levels of IFNG and IL17A were significantly elevated in CD4 + T cells from AMD patients ( Fig. 2A and 2B ). In the supernatant, the concentration of IFN-γ and IL-17 was significantly higher in cell cultures containing AMD PBMCs than in cell cultures containing control PBMCs (Fig. 2C and 2D) . Together, these results demonstrated that AMD patients presented an enrichment of Th1 and Th17 cells in PBMCs. [19] . Prior to the induction of retinal lesion, macrophages enriched in the M1 type were found to infiltrate the interphotoreceptor matrix in mice, while in CCR2-deficient mice with no infiltration of macrophages, no retinal lesion was observed [20] . Macrophages also stimulate the expression of complement factors and other inflammatory mediators by RPE cells through soluble macrophage-derived cytokines [21] . Given the association between macrophages and AMD, we examined the effect of Th1 and Th17 cells on macrophage differentiation. We co-incubated circulating monocytes from AMD patients with autologous CXCR3 + CD4 + T (Th1) cells, CCR4 +
CCR6
+ CD4 + T (Th17) cells, or CCR3-and CCR4/CCR6-depleted CD4 + T cells. The differentiation of macrophages was monitored. Macrophages incubated with Th1 and Th17 cells demonstrated significant higher expression of IL12A and IL12B (Fig. 4A) , while the monocytes/macrophages incubated with Th1/Th17-depleted CD4 + T cells demonstrated significantly higher IL10. The level of IL-12 and IL-10 in culture supernatant presented the same trend. Together, these data demonstrated that Th1 and Th17 cells from AMD patients potently promoted the expression of M1, but not M2, cytokines for macrophages. We also performed these experiments using Th1 and Th17 cells and Th1/Th17-depleted CD4 + T cells from healthy control subjects, and observed that the macrophage IL12A, IL12B and IL-10 expression, as well as the IL-12 and IL-10 secretion, in healthy control individuals followed a similar trend with that in AMD patients (Fig. 4B) , demonstrating that the Th1 and Th17-mediated effects were not specific to AMD patients but also observable in healthy individuals. 
Th1 and Th17 cells from AMD patients induced higher MHC class I and/or class II expression in human RPE cell lines
To examine the effect of Th1 and Th17 cells on the inflammatory status of RPE cells, we utilized the human hTERT-immortalized RPE-1 cell line, and incubated RPE-1 cells in a Transwell system with CD4 + T cells. In both AMD patients and healthy controls, we found that the expression of MHC class I molecules was universally present on RPE-1 cells and was significantly elevated in RPE-1 cells incubated with Th1 and Th17 cells (Fig. 5A and 5B). The expression of MHC class II molecules is usually observed in professional antigen-presenting cells, and can be conditionally induced in all cells. Very few RPE-1 cells presented MHC class II expression, but coculture with Th1 cells resulted in significantly higher frequency of MHC class II-expressing RPE-1 cells (Fig. 5C and 5D ). Together, these data suggested that Th1 and Th17 cells could upregulate MHC expression in RPE cells and promote interactions between RPE cells and T cells.
Th1 and Th17 partially mediated proinflammatory effects through IFN-γ and IL-17 expression
Next, we investigated whether those Th1/Th17 cell-mediated effects were dependent on cytokine secretion. Previous coculture experiments were repeated with the addition of an IFN-γ neutralizing antibody or corresponding isotype control in cocultures with Th1 (Fig. 6A) , we found that neutralizing IFN-γ or IL-17 resulted in significantly less IL12A expression but no significant change in IL12B. Neutralizing IFN-γ or IL-17 also resulted in significantly lower level of MHC class I expression in RPE-1 cells. In addition, the percentage of MHC class II-expressing RPE-1 cells was significantly lower when IFN-γ was neutralized. In healthy controls (Fig. 6B) , neutralizing IFN-γ or IL-17 resulted in significantly less IL12A expression and significant change in IL12B. Neutralizing IFN-γ significantly reduced the expression of MHC class I and MHC class II molecules, while neutralizing IL-17 did not significantly alter MHC expression. Together, we found that in both AMD patients and healthy controls, IFN-γ and IL-17 secretion partially mediated the inflammatory effects of Th1 and Th17 cells, respectively.
Discussion
Accumulating evidence demonstrates that AMD represents yet another low-grade chronic inflammatory disease. Many studies in animal models have established causal links between retinal damage and proinflammatory pathways [20] [21] [22] . In humans, many studies have shown that AMD patients presented higher expression of proinflammatory cytokines and altered phenotype and functions of immune cells [16, 23, 24] . This study demonstrated that AMD patients also presented an imbalance in the composition of CD4 + T 
IL12RB2
+ cell frequency. A potential issue of this previous study was that the authors identified Th1 and Th17 cells by surface marker expression but not functional characteristics. Examinations by surface markers would be unable to identify whether these Th1 cells actually presented higher activation status. In our study, we defined Th1 and Th17 cells functionally by the expression of characteristic cytokines, and found that the frequencies of IFN-γ-and IL-17-expressing CD4 + T cells, as well as the levels of IFN-γ and IL-17 expression by CD4 + T cells, were significantly upregulated in AMD patients. Hence, the discrepancy in our conclusions likely arose from the different definitions being used to Given that M1 macrophages were previously linked with the development of retinal lesions in mouse model [20] , Th1 cell and Th17 cells might function to accelerate the development of AMD and exacerbate the symptoms. Further research in animal models is necessary to establish a causal link. We also observed that Th1 and Th17 cells both enhanced the expression of MHC class I molecules in RPE-1 cells, while Th1 also increased the frequency of MHC class II-expressing cells in RPE-1 cells, thus potentiating these cells to mediate antigen-specific interaction with T cells. The clinical implications of this finding require further studies. These results also raised the question of whether Th1 and Th17 responses could act as a treatment target, such that by suppressing Th1 and Th17 inflammation, the development of AMD could be slowed or averted. Of note, Th1 and Th17 cells isolated from healthy individuals presented a similar function in promoting the differentiation of M1 macrophages and enhancing the MHC class I and class II molecule expression by RPE-1 cells, suggesting that the extent of Th1 and Th17 inflammation, but not the categorical function of Th1 and Th17 cells, was altered in AMD.
By blocking secreted IFN-γ and IL-17, the IL12A expression and MHC class I and class II molecule expression could be significantly reduced, demonstrating that the proinflammatory effects of Th1 and Th17 cells were at least in part mediated by cytokines. However, besides proinflammatory cytokines, T cells also interact with macrophages through multiple surface molecules. The specific ones that could influence macrophage differentiation are yet unclear. Current paradigm support the opposite mechanism, that the different subsets of macrophages promote the differentiation of T cell subsets [26] . Th1 and Th17 could also secrete a multitude of other cytokines, such as TNF, which could contribute to the development of M1 macrophages. The specific role of other cytokines in AMD should be examined in future studies.
Together, our results established a correlational, but not causal, link between Th1/Th17 inflammation and AMD development. A major limitation of this study is that we performed the experiments using fractionated CD4 + T cell subsets in isolated in vitro systems, which could not take the interactions between T cell subsets into account. In uveitis, another ocular inflammatory disease with Th1 and Th17 involvement [27, 28] , blocking the Th1 response could result in the enhancement of Th17 response, and vice versa. Hence, more animal experiments are required to examine whether suppressing Th1 and Th17 response could act as an effective treatment strategy. Another important unanswered question is why the AMD patients were enriched with Th1 and Th17 cells. It was suggested that oxidative insults tended to accumulate with advancing age, which could gradually lead to exacerbated inflammation in the absence of pathogenic infections. The induction mechanism of Th1 and Th17 in AMD patients still requires further analyses.
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